Intriguing propynal (HCCCHO) has been attracting chemist's attention since 1955. However, to date, no satisfying conclusion concerning its formation mechanism in the interstellar medium (ISM) has been reached, although a variety of gas-reaction models, including ion-molecule, radical-molecule, and molecule-molecule, have been postulated. In this paper, we consider for the first time the gas-grain interaction model that involves heterogeneous reaction at the surface of dust grain or in the icy mantles to account for the propynal's formation. Based on the detailed density functional theory (DFT) and Gaussian-3 potential energy surface studies, we found that although the gaseous process C 3 H þ H 2 O ! propynal þ H must surmount a considerable entrance barrier (around 10 kcal mol À1 ), amorphous water ice can significantly catalyze the propynal's formation to be barrierless. So, this model should be a more reasonable one for propynal's formation in the low-temperature interstellar space. This result may also represent one rare case of the water-catalyzed reaction associated with a molecular radical in space. Future experimental studies are greatly desired to probe such interesting processes.
INTRODUCTION
In 1955, the first structural and spectroscopic characterization of the simplest conjugated carbonyl compound, propynal (HC CCH=O), was conducted (Howe & Goldstein 1995) . More than 30 years later, propynal was successfully detected in space within a cold, dense cloud ( TMC 1; Irvine et al. 1988) and Sgr B2 (Turner 1991) . Up until now, a large number of experimental and theoretical investigations have been devoted to its groundstate structures, electronic spectrum, excited state, etc. (Howe & Goldstein 1995; Costain & Mortaon 1959; Williams 1971; Thayer & Yardley 1972; Bitto et al. 1990 Bitto et al. , 1991 Rogaski & Wodtkea 1994) . However, its formation mechanism in the interstellar medium (ISM) has remained an intriguing yet quite elusive issue. Herbst et al. (1984) initially suggested that propynal could be formed via an ''ion-molecule model'' involving radiative association of C 2 H þ 3 þ CO, which was later proven unfeasible by the Maclagan et al. (1995) combined experimental and theoretical studies. Petrie (1995) put forward a ''radical-molecule model'' in which the reaction between C 2 H and H 2 CO could barrierlessly produce propynal via an addition-elimination mechanism. Yet, our recent theoretical study (Dong et al. 2005b ) revealed that the gas C 2 H þ H 2 CO reaction not only must surmount a considerable entrance barrier but also most favorably leads to C 2 H 2 þ CO rather than propynal þ H. Ekern & Vala (1997) experimentally observed propynal's formation from the C 3 þ H 2 O reaction (''neutral-neutral model'') through a two-step lighting with presence of Ar bath gas. Yet, we argue that the photoinduction and pressure-stabilization conditions seem unlikely in space, where the pressure in the ISM is very low (10 À18 mbar at 10 K; Kaiser 2002) and the ultraviolet (UV ) and visible lights might be efficiently extincted by dust in dense clouds (Herbst et al. 2005) . Other reactions, including C 3 H þ þ H 2 O (Qu et al. 1999) , HCO þ þ C 2 H 2 (del Río et al. 2000) , HCO/ HOC þ C 2 H 2 (Dong et al. 2005c) , and C 3 H þ H 2 O (Dong et al. 2005a) , have also been studied.
Clearly, all the previous gas-phase models (ion-molecule, radical-molecule, and neutral-neutral) fail to give reasonable interpretation for the formation of propynal in ISM. Consideration of other models is indispensable. We are aware that the gas-grain interaction model, involving heterogeneous reaction at the surface of dust grain or in the icy mantles, has been assumed to play an important role for the formation of molecules in the ISM (Woon1999; Kaiser 2002; Borget et al. 2001a) . Especially in cold, dark interstellar clouds (10Y15 K), such gas-grain processes have long been recognized to be one of the main chemical processes that form molecules (Kress et al. 1998) . Until now, the effective adsorption (e.g., HC 3 N, O 3 , and C 4 N 2 ; Borget et al. 2001a Borget et al. , 2001b Guennoun et al. 2005 , and references therein) and catalysis effect of water ice (e.g., HCl þ ClONO 2 , C 3 O 2 þ HCl: Tamburelli et al.1998 ; HOCl þ HCl, HOCl þ HBr: Voegele et al. 2002; HONO Borget et al. 2001c , Xie et al. 2006 C 3 Xie et al. 2007 ) have been shown for some neutral molecules and some reactions between neutral molecules on water ice. It is thus of great interest to inspect whether the gas-grain model can account for the elusive formation of propynal or not, which, to the best of our knowledge, has not been considered previously.
The behavior of the radical-molecule reaction C 3 H þ H 2 O on the amorphous water ice attracts our great interest. C 3 H is ubiquitous in the interstellar medium (ISM ) and holds high fractional abundances up to 10 À9 relative to atomic hydrogen Yamamoto & Saito 1994) . Vast quantities of water ice have been detected by infrared spectroscopy in the lowtemperature region of the solar system (Petrenko & Whiworth 1999; Consolmagno & Lewis 1976; Rothery 1992; Blake et al. 1991; Mayer & Pletzer 1986; Sanford & Allamandola 1988; Westly et al. 1995) . In some interstellar mediums (e.g., dense clouds), the C 3 H radicals and the dust grains coated by water ice have been found to coexist. The interaction between the water ice and the neighboring C 3 H radicals is thus highly feasible.
In this paper, based on the detailed density functional theory (DFT) and Gaussian-3 (G3) potential energy surface studies, we made the first attempt to theoretically reveal the formation mechanism of propynal via the C 3 H þ H 2 O reaction catalyzed by the ice grain in the ISM. It was shown that the gaseous C 3 H þ H 2 O reaction associated with a considerable entrance energy barrier (about 10 kcal mol À1 ) can be significantly catalyzed to be barrierless. Such a catalytic mechanism could be responsible for the formation of interstellar propynal. The present study might also provide a rare example in which a molecular radical-molecule reaction that consumes barriers in the gas-phase can be effectively catalyzed by water ice to be barrierless. The important implications of the present results are discussed.
MODEL SELECTION AND THEORETICAL METHOD
With regard to the pressure and temperature conditions that exist in the ISM, it is reasonable to expect that the ice is amorphous (Jenniskens & Blake 1996) . A cluster approach for modeling the ice surface is therefore quite reasonable and successfully applied in a number of studies (Woon 1999 (Woon , 2001 (Woon , 2002 Guennoun et al. 2005 and references therein; Allouche 2005) . In this paper, for modeling the surface of amorphous ice on the ice grain, a six-water cluster (H 2 O) 6 recently suggested by Allouche (2005) was applied. Since currently the cost is too expensive to perform highly correlated energetic calculations (such as G3) on the C 3 H þ H 2 O/(H 2 O) 6 system, we also calculated the simpler C 3 H þ H 2 O/H 2 O system at various levels to assess the reliability of B3LYP/6-311++G(d,p) results for the C 3 H þ H 2 O/(H 2 O) 6 system. It should be noted that consideration of the C 3 H þ H 2 O/H 2 O reaction is also of practical interest, since near the surface of dust grains coated by water ice in complex interstellar conditions, vaporized single and small water clusters should exist. Single-molecule H 2 O catalysis for the radical-molecule reaction has been confirmed by recent experiment (Vöhringer et al. 2007) .
Within the Gaussian03 (Frisch et al. 2003) program packages, all the optimized geometries and harmonic frequencies of the reactants, complexes, products, isomers, and transition states are calculated at the B3LYP/6-311++G(d,p) level. Connections of the transition states between designated local minima have been confirmed by intrinsic reaction coordinate (IRC) calculations at the B3LYP/6-311++G(d,p) level. Single-point calculations are performed using the composite G3B3 scheme for C 3 H þ H 2 O and C 3 H þ H 2 O/H 2 O systems.
3. RESULTS AND DISCUSSIONS 3.1.
The relevant channels for gas reaction C 3 H þ H 2 O calculated at the G3B3//B3LYP/6-311++G(d,p) level are shown in Figure 1 . We can deduce the dominant channel as
The interaction between C 3 H and H 2 O forms a preactive complex HCCC. . .OH 2 C1 (À1.2 kcal mol À1 ) followed by the carbenoid insertion to form a low-lying isomer HCCCHOH 1a (À69.9). The conversion from 1a to its counterpart 1b is easy. Isomer 1 can eventually undergo a direct O-H rupture to form propynal plus an H-atom. However, the considerable entrance energy barrier (about 10 kcal mol À1 ) suggests the infeasibility of such a process in the low-temperature ISM (<100 K) without the intervention of energizing agents (UV or energetic particles).
Water IceYcatalyzed
When colliding with the surface, C 3 H radicals may be either directly bounced back into the gas phase (namely ''scattering'') or ''stuck'' to the surface. The stuck molecules can either undergo rapid desorption from the surface or diffuse, migrating across the surface until they find the lowest energy site. Using the ( H 2 O) 6 cluster model, we located three low-energy adsorption structures for C 3 H radical on ice grains at the B3LYP/6-311++G(d,p) level (see Fig. 2 ). One structure has a C. . .HO hydrogen bond, the second has a CH. . .O hydrogen bond, and the last has a C. . .O donor-accept bond. The corresponding adsorption energies are 4.5, 4.5, and 3.1 kcal mol
À1
, respectively. The energy values can be compared to 5.7 kcal mol À1 for a NH adsorption structure of HC 3 N on the amorphous ice which was experimentally observed at 25Y45 K. It is expected that C 3 H might also be observable on the surface of ice grains under similar or lower temperature conditions in dense clouds. From a statistical viewpoint, C 3 H should exist in equilibrium between the adsorbed form on the surface and the gaseous form neighboring to the surface. As is generally accepted, a vaporized single water molecule or small cluster should exist near the surface of dust grains coated by water ice in complex interstellar conditions. Near the surface of an ice grain, complex C1 formed between C 3 H in equilibrium and gas water may have two distinct fates. One is that C1 redissociates to gaseous C 3 H and a water molecule; the other is that hot C1 interacts with the surface of water ice. In this process of interaction, the surface of water ice might catalyze the reaction C 3 H þ H 2 O. Three different complexes (C1-1 2H2O , C1-2 2H2O , and C1-3 2H2O ; see Fig. 3 ) are considered in the process of catalytic reaction C 3 H þ H 2 O. Fortunately, the large amount of water ice can easily facilitate the C 3 H þ H 2 O reaction. Figure 4 shows the schematic pathways of the C 3 H þ H 2 O reaction with H 2 O support at the G3B3// B3LYP/6-311++G(d,p) level. The overall reaction energy barrier for the process of R !1a-1 2H2O , R ! 5 þ H 2 O, and R ! 1a-2 2H2O connecting the above three different complexes is À7.9, 0.2, and 7.7 kcal mol À1 at the G3B3//B3LYP/6-311++G(d,p) level, respectively. This indicates that the process of R ! 1a-1 2H2O is the most effective catalyzing pathway for C 3 H þ H 2 O reaction. More importantly, inclusion of water ice can not only lower the overall reaction energy barrier, but also greatly lower the intramolecular conversion barrier for the process of R ! 1a-1 2H2O from 12.0 to 1.8 kcal mol À1 at the G3 level. For modeling the amorphous water ice, the cluster model (H 2 O) 6 suggested by Guennoun et al. (2005) is applied to the two processes of R ! 1a-1 2H2O and R ! 5 þ H 2 O at the B3LYP/6-311++G(d,p) level. Figure 3 (continued ) presents the structures of complexes, isomers, and transition states for the C 3 H þ H 2 O þ (H 2 O) 6 reaction at the B3LYP/6-311++G(d,p) level. For ease of comparison, the entrance pathways for C 3 H þ H 2 O þ (H 2 O) n (n ¼ 0; 1; 6) are depicted in Figure 5 at the B3LYP/6-311++G(d,p) level. For the process of R ! 1a, the relative energies (À22.4 and À22.7 kcal mol À1 , respectively) of the transition state and , respectively) containing a single water molecule, H 2 O. In addition, the intramolecular conversion barrier is lowered from 3.2 kcal mol À1 with support of H 2 O to 0.3 kcal mol À1 with support of (H 2 O) 6 . It is noted that for the process of R ! 5 7H2O the relative energy for the transition state and complex is also decreased. However, the complex energy and intramolecular conversion barrier (À15.5 and 1.8 kcal mol À1 ) are still higher than the corresponding values (À22.4 and 0.3 kcal mol À1 ) for the process of R ! 1a-1 7H2O . Thus, although this process might also occur in the ISM, it cannot compete with the process of R ! 1a-1 7H2O . We can conclude that the water ice surface can effectively catalyze the reaction of C 3 H þ H 2 O.
It is desirable to consider the possible disturbances of the title C 3 H þ H 2 O reaction by other processes in space. Since real interstellar ices are believed to include some molecules, radicals, and ions, secondary reaction C 3 H toward some transient species (such as NH 3 and CH 4 ) around the surface might occur. Yet, because of the large quantity of water molecules, these secondary processes might be of minute competition. In the diffuse interstellar environment, many reactions are also initiated by energetic particles such as UV and cosmic radiation (Kaiser 2002) . However, in dense clouds, energetic processing of ices have only limited influence on the ice chemistry due to the strongly attenuated UV and visual irradiation (Herbst et al. 2005) . Because of the widespread distribution of water ice and water molecules and the large astrophysical timescale (around 10 5 Y10 6 yr), we believe that the reaction of C 3 H þ H 2 O on the ice grain would occur and be a promising route for interstellar propynal, especially in dense clouds.
Interstellar Implications
A variety of gas-phase reaction models, including ion-molecule, radical-molecule, and molecule-molecule, have been used to attempt to present the formation mechanism of interstellar propynal. However, they cannot reasonably account for its presence within the TMC 1. The gas-grain reaction model proposed here appears more favorable for its formation. In the dense ISM, dubbed dark clouds where the temperature is only 10Y15 K, UV and visible light have been effectively extincted by dust, only exoergic reactions with negligible entrance barrier can occur (Kaiser 2002) . The hypothesis that some saturated molecules in the ISM can be synthesized on the interstellar grains at 10 K in the molecular cloud stage and then released into the gas phase by sublimation in hot molecular cores has been supported (Kaiser 2002 ). C 3 H and H 2 O with considerable abundance have also been detected in the dense clouds (for example TMC 1). So once the C 3 H radicals are adsorbed on the ice grains or approach the surface of an ice grain, they could barrierlessly react with H 2 O with water ice catalysis to produce interstellar propynal.
As an extrapolation, we expect that reactions of C 2nþ1 H (n > 1) with H 2 O on amorphous ice might also result in the formation of larger conjugated carbonyl compounds H(CC) n CHO (n > 1). Future detection of such species is promising, especially in TMC 1, where the existence of C 3 H , C 5 H (Cernicharo et al. 1987) , and C 7 H (Dickens et al. 2001) have all been confirmed. We are aware that for formation of pentadiynal (HCCCCCHO), Petrie (1995) XIE, SHAO, & DING 454 Vol. 670 arguments similar to those of the C 2 H þ H 2 CO and C 2 H þ 3 reactions, we are nearly sure that neither the C 4 H þ H 2 CO nor the C 4 H þ 3 þ CO reaction could be responsible for the formation of pentadiynal. The gas-grain model could be more feasible.
Reactions that can occur in astrophysical ices have been the focus during the past decade or so. The chemical processes affected by energizing agents (UV, cosmic radiation, or energetic particles) on the surface of ice grain have been well documented, both experimentally and theoretically (Gudipati & Allamandola 2003 Hudson et al. 2001 Hudson et al. , 2005 Moore & Hudson 1998; Mastrapa & Brown 2006 and references therein; Bernstein et al. 2003; Grecea et al. 2005; Andersson et al. 2006; Schriver et al. 2004; Schutte 2002; Ehrenfreund et al. 2003 and references therein; Park & Woon 2004 and references therein). These processes can lead to the formation of many interesting interstellar molecules. However, for the processes occurring on the ice grain surface, very few experimental proofs are available that explicitly concern the chemistry of catalytic enhancement. The radical-molecule reactions catalyzed by ice grains have been even more poorly understood. The awkward situation may be ascribed to the great difficulty in mimicking the severe astrophysical conditions in the laboratory and in modulating the reactive radical processes. Fortunately, quantum chemical calculations could act as a very useful tool in studying these critical processes. Until now, the catalysis effect of water ice has been investigated for some reactions between neutral closed-shell molecules (e.g., HCl þ ClONO 2 , C 3 O 2 þ HCl: Tamburelli et al. 1998 Borget et al. 2001c , Xie et al. 2006 . The known reactions associated with a molecular radical are even rarer (C 3 N þ H 2 O; Xie et al. 2007 ). So, the title reaction represents one such rare case of the water-catalyzed reaction associated with a molecular radical in space.
CONCLUSION
In this paper, we consider for the first time a gas-grain interaction model that involves a heterogeneous reaction at the surface of dust grain or in the icy mantles to account for the propynal's formation. Detailed density functional theory (DFT) and Gaussian-3 potential energy surface studies indicate that the C 3 H þ H 2 O reaction catalyzed by water ice can provide a more reasonable mechanism for formation of interstellar propynal in the ISM, compared with the literature models. This result may also represent one rare case of the water-catalyzed reaction associated with a molecular radical in space. The formation mechanism of pentadiynal by monohydrogenated poly-odd-carbon radicals C 5 H and C 7 H reacting with H 2 O on the ice grain is suggested. Experimental studies of the reaction C 3 H þ H 2 O on the surface of ice grains are strongly urged to further information on this issue. This work is supported by the National Natural Science Foundation of China (20103003, 20573046) , the Excellent Young Teacher Foundation of the Ministry of Education of China, the Excellent Young People Foundation of Jilin Province, and the Program for New Century Excellent Talents in University (NCET). The reviewer's invaluable suggestions are greatly appreciated. 
